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In  this  interim  report  a selected  bibliography  of  recent  journal  articles 
concerned  with  V/STOL  lift/thrust  vectoring/propulsion  systems  and  with 
potentially  attractive  internal  flow  field  computation  systems  is  presented 
and  discussed.  Many  of  the  flow  configurations  associated  with  V/STOL  propul- 
sion are  so  complex,  involving  asymmetric  cross-sections,  severe  bends, 
offset  sections,  diverters,  bleeds,  etc.,  that  an  investigation  of  the  real 
role  of  computational  fluid  dynamics  in  design  and  analysis  is  Indicated.  A 
specific  goal  should  be  to  gain  a clear  understanding  t f the  current  and  ' 
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potential  capabilities  of  candidate  flow  passage  computational  methods  so 
that  illusions  can  be  destroyed  and  emphasis  can  be  placed  on  the  methods 
which  can  make  a contribution  now  or  at  a predictable  future  time. 
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INTRODUCTION 


The  first  Interim  Report  for  the  current  contract  defined  the 
segment  of  the  overall  V/STOL  propulsion  system  problem  to  be  considered 
during  the  remainder  of  the  program.  The  general  procedure  to  be  followed 
was  also  outlined.  It  was  indicated  that  the  character  of  the  flows  in 
V/STOL  propulsion  configurations  would  be  carefully  investigated  and  that 
these  flows  would  be  examined  in  relation  to  the  demonstrated  as  well  as 
the  potential  capabilities  of  flow  field  computation  methods. 

The  volume  of  documentation  generated  in  even  these  restricted  areas 
of  study  is  overwhelming.  However,  it  was  and  is  believed  that  a signifi- 
cant sample  of  this  literature  should  be  reviewed  and  evaluated,  and  that 
the  opinions  and  counsel  of  some  of  the  sources  of  this  literature  should 
be  obtained,  both  on  an  organizational  level  and  on  an  individual  basis. 

In  the  case  of  the  literature  it  was  decided  that  unclassified  reports  of 
United  States  and  foreign  government -funded  research  and  development  projects 
should  be  examined  as  well  as  the  engineering  and  scientific  journal  and 
technical  society  papers  published  in  directly-related  fields. 

In  this  interim  report  the  arbitrarily  made  decision  was  to  publish 
without  detailed  evaluation  a grouped  list  of  relevant  journal  papers  only. 
There  were  a number  of  reasons  for  this  choice,  but  a primary  one  is 
associated  with  the  fundamental  nature  of  journal  publication.  The  first 
element  of  this  reasoning  is  that  the  individual  authors  and  organizational 
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approvers  considered  the  work  of  sufficient  value  and  quality  that  they 
made  the  substantial  effort  required  to  prepare  a manuscript.  The  second 
element  is  that  the  papers  have  generally  passed  through  a competent  and 
aggressive  review  process  before  publication  or  presentation.  In  this 
sense  the  list  may  be  thought  of  as  a pre-edited  selection. 

BIBLIOGRAPHY  FOR  DUCT  FLOW  ANALYSIS  IN  V/STOL  APPLICATIONS 

After  an  initial  Investigation  of  problem  characteristics  for  duct 
flow  application  and  integration  in  propulsion  systems  for  V/STOL  configura- 
tions, a bibliography  (contained  herein)  of  applicable  technical  information 
was  drawn  up.  This  bibliography,  for  which  there  were  two  primary  objectives, 
namely,  (1)  requirements  for  high-lift  augmentation  devices,  and  (2)  computa- 
tional fluid  dynamics  for  generalized  three-dimensional  duct  analysis,  is 
felt  to  be  a reasonable  coverage  of  the  field  over  the  last  4 or  5 years. 

The  reviewing  procedure  followed  has  been  to  continuously  supplement  the 
material  listed  while  at  the  same  time  acquiring  reports  and  papers 
believed  most  pertinent  or  representative  for  actual  review. 

To  organize  the  listing,  divisions  of  general  topics  were  assigned  as 
follows: 

• Propulsion  System/Engine  Integration  Dc  elopment 

• General  One-Dimensional  and  Empirical  Duct  Flow  Analyses 

• Computational  Solution  of  the  Multidimensional  Navier-Stokes  Equations 

• Turbulent  Flow  Mechanics 

• Two-  and  Three-Dimensional  Flow,  Transient  and  Secondary  Flow  Analyses 

• Numerical  Techniques  for  Differential  Systems 
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The  divisions  and  classes  are  Che  result  of  judgment  of  the  authors 
with  respect  to  striking  a good  compromise  between  completeness,  compactness 
and  relevance  to  duct  flow  analysis  in  V/STOL  applications.  Also,  the 
inclusion  of  particular  references  in  one  division  or  another  may  be  argued 
since  subject  matter  may  actually  border  one  or  more  of  the  other  divisions. 
Generally  speaking,  the  most  important  divisions  with  regard  to  the  stated 
objectives  of  the  bibliography  are  the  first  four  given  in  the  list. 

Computation  fluid  dynamics  or  numerical  simulation  of  flow  received 
its  major  impetus  in  the  early  1960's  with  the  work  of  Fromm  and  Harlow 
and  the  introduction  of  the  latest  generation  of  high-speed  digital  computers. 
The  field  has  enjoyed  great  activity  since  that  time  in  terms  of  develop- 
ment and  refinement  of  basic  modeling  of  fluid  flow  phenomena  and  numerical 
schemes  for  solution.  It  appears  reasonable  at  this  point  to  investigate 
whether  or  not  computational  fluid  dynamics  can  play  a real  role  in  the 
design  and  detailed  analysis  of  duct  systems  involving  general  arbitrary 
configurations  with  super-elliptic  sections,  severe  bends,  offset  sections, 
diverters,  side  bleed  holes,  etc.  Unfortunately,  as  Orszag  and  Israeli  (1974) 
have  pointed  out,  numerical  simulation  in  fluid  dynamics  at  this  time  remains 
an  art.  They  state  that  in  their  view  numerical  experimentation  should  be 
the  goal  of  computational  fluid  dynamics  by  which  basic  fluid-dynamical 
knowledge  and  physical  insight  into  dynamics  can  be  extended.  This  goal 
requires  the  thorough  understanding  of  range  of  applicability  of  models 
used,  and  numerical  coding  which  provides  unquestioned  flow-simulation  results. 
Thus,  to  push  computational  fluid  dynamics  into  exceedingly  complicated 
flow  problems  with  expectation  of  generating  realistic  flows  for  practical 
design  application  is  extending  the  state  of  the  art  beyond  present 
capabilities. 
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In  design  and  development  of  high  performance  aircraft,  optimum 
engine/airframe  configuration  and  prop-  Ision  system  integration  pose 
essential  problems.  These  problems  are  evidenced  by  the  trends  in  thrust 
requirements,  engine  size  and  cycle  characteristics.  Accurate  data  are 
required  on  engine  and  airframe  interaction,  along  with  analytical  methods 
to  support  Integration  trade-off  studies.  The  external  flow  field  to  the 
aircraft  and  its  resultant  aerodynamic  interactions  with  inlet  and  nozzle 
systems,  find  with  the  engines,  are  difficult  to  define,  and  even  more  difficult 
to  evaluate. 

Regarding  high-lift  systems  for  aircraft  take-off  and  landing  require- 
ments, at  least  for  conventional  designs,  mechanical  flap  systems  at  the 
wing  leading  and  trailing  edges  have  been  successfully  employed.  Although 
lift  coefficients  of  the  order  of  3 are  achieved,  boundary  layer  separation 
at  larger  flap  deflections  and  angles  of  attack  limit  further  increase. 

For  V/STOL  requirements,  pox/ered  high-lift  systems  are  therefore  indicated, 
and  these  systems  are  accompanied  by  substantial  increases  in  integration 
complexity  in  airframe  and  propulsion  systems.  One  basis  of  approach  to 
high-lift  systems  is  the  transfer  of  a portion  of  thrust  kinetic  energy  by 
means  of  bleed  or  bypass  air  to  large  airflows  around  flap-extended  wings 
of  the  aircraft.  A number  of  concepts  have  evolved:  external  blowing  of 

flaps,  boundary  layer  control  schemes,  jet  flaps,  jet-augmentor  wing  and 
partial  thrust  vectoring  by  means  of  deflector  systems.  Direct  methods  of 
lift  generation  involve  schemes  such  as  wing  fans,  tilt  wings,  helicopter 
rotors,  and  others. 

Although  these  approaches  to  airframe  and  propulsion  system  integration 
for  V/STOL  aircraft  requirements  are  all  primarily  aerodynamic  in  nature, 
the  related  factors  of  stability  and  control,  noise  pollution,  and  economics 
of  power  high-lift  will  guide  final  evaluation  of  proposed  concepts. 
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The  subsections  which  follow  include  the  groups  of  journal  references 
mentioned  earlier. 


Propulsion  System/Engine  Integration  Development 


Baals,  D.  D. , Robins,  A.  W.  and  Harris,  R.  M.  "Aerodynamic  Design  Integration 
of  Supersonic  Aircraft,"  J.  Aircraft  7:5  (1970). 

Bowling,  H.  T. , Hurkamp,  C.  H.,  Thcrnton,  R.  M.  "Optimizing  the  Propulsion/ 
Lift  System  for  Turbofan  STOL  Aircraft,"  J.  Aircraft  8:6  (1971). 

Brines,  G.  L.  "Propulsion  System  Design  for  the  ATT."  J.  Aircraft  10:8 
(1973). 

Campbell,  J.  L.  and  Ellis,  S.  H.  "Engine/Inlet  Compatibility  Analysis 
Procedure,"  J.  Aircraft  8:5  (1971). 

Diedrich,  J.  H.,  Clough,  N.  and  Lieblein,  S.  "Installation  Effects  on 
Performance  of  Multiple  Model  V/STOL  Lift  Fans,"  J.  Aircraft  10:6  (1973). 

Dunnam,  M.  P.  and  Bush,  H.  I.  "Air-breathing  Propulsion:  Opportunities 

Unlimited,"  Astron.  & Aeron.  7:7  (1969). 

Greathouse,  W.  K.  "Blending  Propulsion  with  Airframe,"  Space/Aeronautics 
50:6  (1968). 

Klujber,  F.  "Development  of  Sonic  Inlets  for  Turbofan  Engines,"  J.  Aircraft 
10:10  (1973). 

Korbacher,  G.  K.  "Aerodynamics  of  Powered  High-Lift  Systems,"  Ann.  Rev. 

Fluid  Mech.  6 (1974). 

Kuchemann,  D.  "Aerodynamic  Design,"  Aero  J.  73:698  (1969). 


KUng,  P.  "V/STOL  Development  in  France,"  Flug  Revue  and  Flugwelt  Int. 

6 (1971). 

KUng,  P.  "Flight  Report:  Hawker  Siddeley  Harrier  T.Mk.2,"  Flug  Revue, 

Flugwelt  Int.,  10  (1973). 

Kunkler,  H.  "Zum  Problem  der  Anpassung  eines  Einlaufs  an  ein  Turbotriebwerk 
fUr  extrem  hohe  F lug -Mach zahlen,"  Z.  Flugwiss.  21:12  (1973). 

Lawson,  K.  S.  "The  Influence  of  the  Engine  on  Aircraft  Design,"  Aircraft 
Engrg.  41:8  (1969). 

Loftkin,  L.  K. , Jr.  "Aeronautical  Vehicles  - 1970  and  Beyond,"  J.  Aircraft 
8:12  (1971). 


Lynn,  N.  "AMST:  Towards  a U.S.  Stol  Transport,"  Flug  Revue  Flugwelt  Int. 

11  (1973). 
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Owen,  P.  R.  "Hie  Aerodynamics  of  Aircraft  and  Other  Things,"  Aeron.  J. 

77:752  (1973). 

Panton,  R.  L.  "Analytical  Method  for  Combining  the  Interaction  of  Inlet 
Distortion  and  Turbulence,"  J.  Aircraft  9:9  (1972). 

Redemann,  H.  "Paris  Air  Show:  Power  Plants,"  Flug  Revue,  Flugwelt  Int., 

8 (1973). 

Rosen,  G.  "An  Engine  for  Quiet  Stol  Propulsion, " Astron.  & Aeron.  9:12  (1971). 

Rosen,  G.  "Trends  in  Aircraft  Propulsion,"  J.  Aircraft  9:5  (1972). 

Rubbert,  P.  E.  and  Saaris,  G.  R.  "3-D  Potential  Flow  Method  Predicts  V/STOL 
Aerodynamics,"  SAE  J.  77:9  (1969). 

Sedney,  R.  "Use  of  Flow  Variable  Gradients  in  Design  Calculation  on  Inlets," 

J.  Aircraft  8:6  (1971). 

Sheddon,  J.  "Research  and  Development  for  Future  Air  Transports,"  Aeron.  J. 
77:753  (1973). 

Simpson,  E.  C.  "Scar  Tissue  and  Aircraft  Propulsion  Development,"  Aero.  J. 
76:742  (1972). 

Throndson,  L.  W.  "Compound  Ejector  Thrust  Augmenter  Development,"  ASME 
Paper  73-FT-67  (1973). 

Van  Duesen,  E.  A.  and  Mardoc,  V.  R.  "Distortion  and  Turbulence  Interaction  — 

A Method  for  Evaluating  Engine  Inlet  Compatibility,"  J.  Aircraft  9:1  (197z). 

Wade,  R.  "Royal  Air  Force  Experience  of  the  Harrier,"  Aeron.  J.  78:757  (1974). 

Wick,  B.  H.  and  Kuhn,  R.  E.  "Turbofan  Stol  Research  at  NASA,"  Astron.  & 

Aeron.  9:5  (1971). 

Williams,  D.  D.  and  Yost,  J.  0.  "Some  Aspects  of  Inlet/Engine  Flow  Compati- 
bility," Aeron.  J.  77:753  (1973). 

Younghans,  J.  L. , Moore,  M.  T. , Collins,  T.  P.  and  Direnzi,  J.  G.  "Inlet 
Flow  Field  Simulation  Techniques  for  Engine/Compressor  Testing,"  Aircraft 
Engrg.  42:11  (1970). 
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General  One-Dimensional  and  Empirical  Duct  Flow  Analyses 


Albers,  J.  A.  "Application  of  Compressibility  Correction  to  Calculation  of 
Flow  in  Inlets,"  J.  Aircraft  10:7  (1973). 

Anderson,  L.  R. , Heiser,  W.  H.  and  Jackson,  J.  C.  "Axisymmetric  One- 
Dimensional  Compressible  Flow  — Theory  and  Applications,"  J.  Appl.  Mech. 

37:4  (1970). 

Bansod,  P.  and  Bradshaw,  P.  "The  Flow  in  S-Shaped  Ducts,"  Aeron.  Quar.  23:2 
(1972). 

Beans,  E.  W.  "Computer  Solution  to  Generalized  One-Dimensional  Flow," 

J.  Spacecraft  and  Rockets  7:12  (1970). 

Bose,  B.  "Some  Measurements  in  Pipe  Flow,"  AIAA  J.  9:7  (1971). 

Bossel,  H.  H.  "Swirling  Flows  in  Streamtubes  of  Variable  Cross  Section," 

AIAA  J.  11:8  (1973). 

Buonopane,  R.  A.  and  Troupe,  R.  A.  "A  Study  of  the  Effects  of  Internal  Rib 
and  Channel  Geometry  in  Rectangular  Channels,  Pt.  I.  Pressure  Drop,"  AIChE 
J.  15:4  (1969). 

Burrows,  F.  M.  "Mean  Flow  and  Pressure  in  a Straight  Suction  Duct  with 
Deflected  Inflow,"  Aeron.  Quar.  23:3  (1972). 

Churchill,  S.  W.  and  Choi,  B.  "A  Simple  Expression  for  the  Velocity 
Distribution  in  Turbulent  Flow  in  Smooth  Pipes,"  AIChE  J.  19:1  (1973). 

Ellis,  J.  "A  Study  of  Unsteady  Flow  in  Branched  Channels,"  Proc.  Inst. 

Civil  Engrs.,  44  (1969). 

Francis,  J.  R.  D.  and  Gunawardana,  0.  A.  "Hydraulic  Design  of  Pipe  Outlets 
into  Open  Channels,"  Proc.  Inst.  Civil  Engrs.  44  (1969). 

Hahnemann,  H.  W.  "Pressure  Loss  of  Laminar  Flow  in  Curved  Channels  of 
Square  Section,"  Forschung  37:6  (1971). 

Issa,  R.  I.  and  Spalding,  D.  B.  "Unsteady  One-Dimensional  Compressible 
Frictional  Flow  with  Heat  Transfer,"  J.  Mech.  Engr.  Sci.  14:6  (1972). 

Ito,  H.  and  Imai,  K.  "Energy  Losses  at  90°  Pipe  Junctions,"  J.  Hyd.  Div. 

Proc.  ASCE  99:HY9  (1973). 

Jandali,  T.  and  Parkinson,  G.  V.  "A  Potential  Flow  Theory  for  Airfoil 
Spoilers,"  Trans.  Canadian  Aeronautics  3:1  (1970). 

Kacker,  S.  C.  "Some  Aspects  of  Fully  Developed  Turbulent  Flow  in  Non-Circular 
Ducts,"  J.  Fluid  Mech.  57:3  (1973). 


Kao,  T,  W.  and  Park,  C.  "Experimental  Investigations  of  the  Stability  of 
Channel  Flows,"  J.  Fluid  Mech.  43:1  (1970). 

Klein,  A.,  Ramjee,  V.  and  Venkataramani,  K.  S.  "An  Experimental  Study  of 
the  Subsonic  Flow  in  Axisymmetric  Contractions,"  Z.  Flugwiss.  21:9  (1973). 

Lieblein,  S.  and  Stockman,  N.  0.  "Compressibility  Correction  for  Internal 
Flow  Solutions,"  J.  Aircraft  9:4  (1972). 

Loh,  W.  H.  T.  "A  Generalized  One-Dimensional  Compressible  Flow  Analysis 
with  Heat  Addition  and/or  Friction  in  a Non-Constant  Area  Duct,"  Inter. 

J.  Engrg.  Sci.  8:3  (1970). 

Marshall,  F.  L.  "Prediction  of  Inlet  Duct  Over-pressures  Resulting  from 
Engine  Surge,"  J.  Aircraft  10:5  (1973). 

Miller,  D.  S.  "Internal  Flow  — A Guide  to  Losses  in  Pipe  and  Duct  Systems," 
(Review),  J.  Fluid  Mech.  58:2  (1973). 

Nahavandi,  A.  N.  and  Catanzaro,  G.  V.  "Matrix  Method  for  Analysis  of 
Hydraulic  Networks,"  J.  Hyd.  Div.,  Proc.  ASC5  99:HY1  (1973). 

Pironneau,  0.  "On  Optimum  Design  in  Fluid  Mechanics,"  J.  Fluid  Mech.  64:1 
(1974). 

Roessler,  W.  U.  and  Landsbaum,  E.  M.  "Stagnation  Pressure  Losses  at  Abrupt 
Contractions  with  Transverse  Flow,"  Astron.  Acta.  18:5  (1973). 

Rom,  J.  and  Levi,  E.  "The  Semi -Empirical  Parameters  Used  in  the  Dividing 
Streamline  and  the  Momentum  Integral  Analyses  for  Seprated  Flows,"  Israel 
J.  Tech.  7:1-2  (1969). 

Ruus,  E.  "Head  Losses  in  Wyes  and  Manifolds,"  J.  Hyd.  Div.,  Proc.  ASCE 
96:H43  (1970). 

Sarpkaya,  T.  "On  a Stagnation  Condition  for  Combining  or  Branching  Inviscid 
Flows,"  J.  Fluid  Mech.  59:3  (1973). 

Trengrouse,  G.  H.  "Steady  Compressible  Flow  Through  a Single  Row  of  Radial 
Holes  in  the  Wall  of  a Pipeline,"  J.  Mech.  Engrg.  Sci.  12:4  (1970). 

Tunstall,  M.  J.  and  J.  K.  Harvey.  "On  the  Effect  of  a Sharp  Bend  in  a 
Fully  Developed  Turbulent  Pipe-Flow,"  J.  Fluid  Mech.  34:3  (1968). 

Ward-Smith,  A.  J.  "Pressure  Losses  in  Ducted  Flows,"  (Review)  J.  Fluid 
Mech.  58:2  (1973). 

Wolf,  S.  and  Gluntz,  D.  M.  "Losses  in  a Compact  180-deg.  Return  Flow 
Passage  as  a Function  of  Reynolds  Number,"  Trans.  ASME  Ser.  D.  92:1  (1970). 
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Computational  Solution  of  the  Multidimensional  Navier-Stokes  Equations 


Andreev,  V.  A.,  Osipov,  V.  A.,  Jakovlev,  Yu.  P.  "Calculation  and  Design  of 
Bifurcating  Channels,"  Ivuz-Aviatsionna  Tekhnika  4 (1973). 

Blake,  J.  R.  "Singularities  of  Viscous  Flow,  Pt.  II,"  J.  Engrg.  Math.  8:2 
(1974). 

Bourcier,  M.  and  Francois,  C.  "Integration  numerique  des  equations  de 
Navier-Stokes  dans  un  domaine  carre,"  La  Recherche  Aerospatiale,  131  (1969). 
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CONCLUDING  REMARKS 

The  preceding  list  is  clear  evidence  of  the  tremendous  effort  being 
expended  in  technical  activities  related  to  a very  limited  component  of 
applied  research  in  propulsion  system  aerodynamics.  It  is  equally  clear 
that  many  if  not  most  of  the  authors  have  no  idea  that  they  may  be  making 
a contribution  to  the  eventual  establishment  of  A sound  basis  for  estimation 
of  the  performance  of  advanced  V/STOL  aircraft.  A specific  objective  in  the 
subsequent  work  on  this  program  will  be  to  point  out  those  efforts  which 
are  making  such  a contribution  and  to  define  the  requirements  for  additional 
contributions. 


RESEARCH  PLAN  FOR  FINAL  INTERIM  PERIOD 

The  remaining  portion  of  the  contract  period  will  be  devoted  to  the 
side-by-side  evaluation  of  the  flow  situations  and  phenomena  associated  with 
lift/thrust  vectorin^/propulsion  systems,  and  the  currently  and  potentially 
available  intemal/external  flow  path  analysis  methods.  The  final  report 
will  deal  with  this  evaluation  and  with  future  research  and  development 
programs  of  evident  merit. 


